We assemble the largest sample of oxygen rich Miras to date and highlight their importance for age-dating the components of the Galaxy. Using data from the Catalina Surveys and the All Sky Automated Survey for Supernovae, we extract a clean sample of ∼ 2, 400 O-Miras, stretching from the Galactic Bulge to the distant halo. Given that the period of O-Miras correlates with age, this offers a new way of determining age gradients throughout the Galaxy. We use our sample to show (i) disc O-Miras have periods increasing on moving outwards from ∼ 3 to 15 kpc, so the outer disc O-Miras are younger than the inner disc, (ii) the transition from younger disc to halo O-Miras occurs at r ∼ 15 kpc and is marked by a plummeting in period, (iii) there exists a population of young O-Miras likely kicked from the disc to heights of order of |Z | ∼ 10 kpc, (iv) great circle counts of old Miras show strong evidence for distant debris agglomeration associated with the Magellanic Clouds, (v) seven stars in our samples are located at distances between 200 and 500 kpc surpassing all previously established records, and, finally, (vi) O-Miras may be present in the Fornax, Sculptor, Sextans and Leo II Galactic dwarf spheroidals, as well as the distant globular cluster Pal 4. We spotlight the importance of O-Mira in the Era of Gaia as universal chronometers of the Galactic populations.
INTRODUCTION
Miras are variable Asymptotic Giant Branch (AGB) stars. They are in the late stages of evolution and will expel their envelopes to form planetary nebulae in a few million years. Typically, they have periods longer than 100 days, and amplitudes greater than 2.5 magnitudes at visual wavelengths (Habing & Olofsson 2003) .
They are worthy of special study for a number of reasons. Firstly, they are the most luminous representatives of the intermediate-age population. Miras are so intrinsically bright that they are detectable throughout the Galactic disc, bulge and halo (Habing & Olofsson 2003) , the Magellanic Clouds (Deason et al. 2017) , the dwarf satellites Sakamoto et al. 2012 ) and even in M31 and M33 ). Secondly, they provide an independent distance calibration via period-luminosity relations (Whitelock et al. 2008) . Both oxygen rich (O-Miras) and carbon rich (C-Miras) obey separate period-luminosity-colour relations (Feast et al. 1989) . For O-Miras, the colour term in the period-luminosity relation is a very minor correction (Huang et al. 2018) . Thirdly, they are major contributors to the pro- E-mail: jrg71,vasily,nwe@cam.ac.uk cessed material currently entering the interstellar medium and an important source of enrichment. However, perhaps the most important property of Miras is that they provide good chronometers ).
Accurate stellar ages have the potential to completely transform Galactic astronomy. The dissection of the Galaxy according to age would allow us to map its assembly and growth, as well as to study secular processes that control its evolution. Unhappily, good stellar ages are unusually hard to come by! The most successful attempts so far use a combination of spectroscopy and stellar evolutionary models. For example, the masses of red giants can be predicted from their photospheric carbon and nitrogen abundances, together with their spectroscopic stellar parameters. With the masses in hand, stellar evolutionary theory is then used to obtain ages, typically with errors of ∼ 40 per cent (e.g., Martig et al. 2016a; Ness et al. 2016) .
Variable stars also offer grand opportunities to derive stellar ages. For example, the period of a Cepheid variable is dependent on its luminosity. An increase in luminosity implies an increase in the stellar mass and a decrease in the Cepheid age. This can be made formal through period-age or period-age-colour relationships, which depend on whether the Cepheid is pulsating in the fundamental or first over-tone mode (Efremov 1978; Bono et al. 2005) . This can give Cepheid ages with errors of ∼ 20 per cent. As Cepheids are tracers of young stellar populations, this method is used to date the age distribution and star formation history in the LMC disc. In principle, age estimates from variable stars depend primarily on the period, which is unaffected by systematics, such as reddening or distance errors. Even relative age estimates for an abundant variable population can supply constraints on the existence of age gradients.
It has long been known empirically that O-Mira kinematics depend on their periods. For nearby O-Miras, the age and velocity dispersion relationship calibrated for stars in the solar neighborhood can be used to derive a period-age relationship (Feast & Whitelock 2000; Feast 2007) . The period of a Mira increases with increasing luminosity, and hence mass. Thus, longer period Miras correspond to younger ages. Samples of O-rich Miras can therefore be used to determine age gradients in the Milky Way Galaxy and even, in the most propitious circumstances, date the populations. Additionally, the measured spread in near-infrared colours of Orich Miras is substantially smaller than that observed in the C-rich counterparts (e.g. Whitelock et al. 2006; Matsuura et al. 2009; Yuan et al. 2017) . One possible explanation of this phenomenon is that the O-Miras suffer less from varying levels of extinction due to circumstellar dust. If true, this makes them more trustworthy distance indicators than their C-rich peers.
Here, we exploit two new datasets to build the largest sample of O-Miras so far assembled. It contains ∼ 2, 400 O-Miras with remarkable radial coverage, Galactocentric radii between 1 and 200 kpc. We use it to identify age gradients throughout the Galaxy, to study the transition in ages between disc and halo O-Miras and to compare the relative ages of different Galactic populations as a function of Galactocentric distance.
The paper is arranged as follows. Section 2 presents the Mira dataset, the selection of the oxygen-rich sample, as well as the calculation and validation of the Mira distances. Section 3 details the application of O-rich Miras to studies of population ages in the Galactic disc and halo, the identification of substructure at large distances and the populations of the dwarf spheroidal galaxies. Section 4 summarises with a discussion of future prospects as the Gaia Era enters high noon.
DATA
This work exploits data from two primary sources, that of the Catalina Surveys and the All Sky Automated Survey for Supernovae (ASAS). The Catalina Surveys catalog is comprised of two main components surveying the Northern (Drake et al. 2014) Rejected Counts Figure 2 . Amplitude histograms for O-Mira candidates that were accepted (blue) and rejected (red) from the amplitude cut of Fig. 1 . The bimodality of the red histogram is expected, as the contaminants are mainly from two disparate populations, the C-Miras and the semi-regular variables. Bins of width 0.1 were implemented.
dates with 2MASS provided 1,831 sources for study. A crossmatch radius of 1 arcesec was used in both instances. Magnitudes are dereddened with extinction coefficients of R J = 0.72, R H = 0.46 and R K s = 0.306 combined with the reddening values of Schlegel et al. (1998) .
Mira Selection
C-Miras (and their allies, the Carbon stars) have been studied extensively before (e.g., Downes et al. 2004; Battinelli & Demers 2014) . They were exploited most recently by Huxor & Grebel (2015) to trace out structures in the stellar halo.
In this study, we will focus on the less well-studied O-Miras. the application of two main cuts. The work of Yuan et al. (2017) and Glass et al. (1995) shows that the colour indices of Mira increase as a function of period, itself a proxy for age, with linear relations provided by Glass et al. (1995) for O-Miras in the SAAO photometric system. For this work, the J − H relation is converted into the 2MASS photometric system via the transformation of Carpenter (2001) and is shown as the solid red line in the top two panels of Fig. 1 . Associated errors of the original linear relations and colour transformations are combined to produce a 1-σ bound defining the selection cut for O-Mira form our sample. These are displayed as the thin red lines in the upper panels of Fig. 1 . Notice that the O-Mira form a tight sequence with only a mild dependence on colour in these plots.
To further rid our sample of C-Miras and other variable contaminants, a cut in amplitude in the V-band is applied. The work of Soszyński et al. (2009a) reveals a distinction between O-rich and C-rich stars in amplitude-period space, on which we base our cut shown in the bottom row of Fig. 1 . The CRTS catalog groups Mira and semi-regular variables (SRV), which are themselves C-rich, under the single classification of long period variables (LPV). Accordingly, we use our CRTS sample to define the cut in amplitude based on the higher potential for contamination and the fact that the ASAS sample is predominantly an O-rich population, as evidenced by the top right panel of Fig. 1 . Once the cut is applied, we expect that the rejected C-rich sources display a bimodal distribution in amplitude space given that they are constituted from two components: C-Miras and SRVs. Fig. 2 shows this to be the case. This is also in agreement with the results of Soszyński et al. (2009a) who probed the Mira amplitude distribution in the OGLE I band.
The combined CRTS and ASAS cleaned samples of O-Mira consist of 2,447 sources or ∼ 90% of the original combined sample. We do not study the rejected sample of mainly C-Miras any further in this paper.
O-Mira Distributions
The spatial distribution of our O-Mira sample is displayed in Fig. 3 . The ASAS O-Miras lie close to the Galactic plane with approximately 81% of the stars having |b| < 10 • . This enables us to probe the O-Mira structure within the Galactic disc. O-Mira from the CRTS selection extend to much higher latitudes and thus grant us information on the halo component of the Galaxy. Of course, the spatial distribution is strongly affected by selection biases of the parent surveys. However, we plan to use the O-Miras to trace age gradients throughout the Galaxy, for which purpose they are unbiased.
We immediately see in Fig. 3 a number of prominent substructures, including the Large Magellanic Cloud (LMC) and the Sagittarius Stream (Sgr Stream). They are identified and removed from our sample. Although interesting from the viewpoint of substructure studies, they are a nuisance here as our aim is to understand the relative ages of the mainstream Galactic populations.
We remove sources associated with the LMC by excising a 15 • radii circle centered on the respective structure. Identifying Sgr Stream denizens requires a transformation into the Sgr Stream coordinates (L, B) of Belokurov et al. (2014) . We remove stars with Sgr Stream latitude |B| < 10 • and heliocentric D > 15 kpc. The latter is needed as the Sgr Stream passes through the Galactic plane, yet we wish to retain the disc O-Miras. Once removed, our sample of O-Miras is comprised of 2,233 distinct sources, probing the Galactic thin and thick discs, bulge and halo.
Distance Determination and Validation
We calculate Mira distances using the empirical quadratic Period-Luminosity relation from equation 1 of Yuan et al. (2017) . We choose to work in the K s band to minimise the effects of extinction. Current best estimates of the distance to the LMC from the work of Elgueta et al. (2016) yield values of 50.3 ± 0.5 kpc. We then select our LMC Mira candidates (i.e. those within 15 • of the dwarf's center), compute their distance and apply a small empirical correction (0.17 mag) to the period luminosity relation to produce a distance distribution peaked at the 50 kpc range. The distance distribution of these Miras is shown in the right panel of Fig. 4 . The median distance of the prominent peak is 49.8 kpc. The standard deviation approximated from the median absolute deviation of the LMC sample is ∼ 4 kpc. This can be used as a typical distance error to O-Mira stars in our sample, which, encouragingly, appears to be 10%. This method results in a final period luminosity relation of: where P is the period in days and M K s is the absolute magnitude in the K s band. The logarithm here, and henceforth, is to base 10. As a further check, the distance to a well populated section of the Sgr Stream was computed for the associated O-Mira. The left panel of Fig. 4 shows the peak of the distribution to lie at ∼ 50 kpc in agreement with the values in Table 1 of Belokurov et al. (2014) which quote distances of 45 -58 kpc in the chosen Sgr Stream longitude range.
Taking the solar position as R = 8 kpc, we convert from Galactic l, b and heliocentric distance to Galactocentric cylindrical polar coordinates (R, Z). The panels of Fig. 5 compare the spatial distributions of O-Mira in the CRTS and ASAS samples. In CRTS, the sample probes distances characteristic of the Galactic bulge right out to the far halo. By contrast, in ASAS, we see a clustering of stars at low |Z | around the solar neighbourhood, along with a sample largely confined to within a kpc of the Galactic plane. The two samples are therefore highly complementary, with CRTS probing from the bulge to the halo, and ASAS concentrating on the thin and thick discs.
Given the strong dependence of the Miras luminosity on its period, the completeness and contamination of the O-Mira selection must vary with distance. This is dictated by the distribution of the LPV stars in the space spanned by period, colour and amplitude as shown in Fig. 1 . For example, the contamination from C-rich Mira stars and other LPVs with broader J − H colour range increases sharply with period. Thus, because at fixed limiting magnitude the most distant stars detectable are those with larger periods, it is possible to expect that contamination may increase with distance. On the other hand, the short-period O-Mira stars have lower amplitudes and thus may suffer a much faster drop in completeness with distance compared to the longperiod counterparts.
RESULTS

Age Gradients in the Galactic Disc
While the age of the Mira variables has typically been estimated by matching them to disc stellar populations with Kharchenko et al. (2016) . The cross-match is carried out with a 9 arcmin aperture, only objects with the distance mismatch less than the half of the distance to the cluster are kept. Straight line indicates a linear fit to the data with 10.79 and −5.09 × 10 −3 for the intercept and slope respectively. similar velocity dispersions (see e.g. Feast 2007 ; López-Corredoira 2017), we attempt to calibrate the Mira ageperiod relation by finding candidate LPVs in the LMC and the Milky Way star clusters with known ages. In the LMC, we rely on the Mira catalog by Soszyński et al. (2009b) and the compendium of massive star clusters by Baumgardt et al. (2013) . In the Galaxy, we use the combined ASAS+CRTS sample of O-rich Mira presented in this work and the catalog of star clusters by Kharchenko et al. (2016) . Fig. 6 shows the age of the star cluster as a function of the period of the candidate Mira matched to its location. In agreement with previous similar studies (Nishida et al. 2000; Kamath et al. 2010) , the trend is clear albeit with considerable scatter. The shortest period Miras with P < 200 days do tend to live in clusters that are 8-10 Gyr old. On the other hand, Mira stars with periods of P ∼ 350 days are found in much younger star cluster with ages of order of 1 Gyr.
We plot Galactocentric spherical polar radius r and vertical height |Z | above or below the Galactic plane as a function of period with a view to understanding the O-Mira age distribution in both the disc and halo components of the Galaxy. This is shown with and without substructures in the four topmost and bottommost two panels of The panels of Fig. 8 give the period distributions of the O-Miras in vertical distance from the plane |Z | and spherical polar radius r. Distances have been binned, with bins containing less than 5 stars being rejected, and prominent substructures removed. Both mean and median periods have been computed for each bin along with standard errors. The standard error on the median is formulated through appropriate scaling of the median absolute deviation. As the ASAS Mira sample contains predominately disc O-Miras, it is interesting to note the positive correlation between Galactocentric radius and period given that period is a proxy for age. The implication here, then, is that the age of the O-Mira populated components of the disc decreases on moving outwards. We do not see any evidence of a sharp upturn in the radial profile of the median age of disc, as conjectured by Roškar et al. (2008) . Their simulations suggest that the outer disc is deficient in young stars, but is populated by old stars which migrated from the inner disc. If such an upturn exists, then it must lie beyond ∼ 15 kpc. In fact, Amôres et al. (2017) have recently argued that the break may be at 16.1 ± 1.3 kpc on the basis of population synthesis applied to 2MASS data.
To probe any change in period gradient, the ASAS O-Mira are further binned into three subgroups: 0.3 ≤ |Z | < 0.5 kpc, 0.5 ≤ |Z | < 1 kpc and 1 ≤ |Z | < 2 kpc. We use cylindrical radius R in this instance to focus on the evolution of period throughout the Galactic disc. These cuts correspond to radial ranges of 0.76 ≤ R < 14.3 kpc, 0.25 ≤ R < 18.4 kpc and 0.67 ≤ R < 21.7 kpc respectively, as enforced by the footprint in Fig. 5 . The middle and rightmost panels of Fig. 9 clearly demonstrate that beyond 2.5 kpc the O-Mira population follows the trend of increasing median period with increasing Galactocentric distance. This can be quantified 2013), for the scale of the thick disc are based on double exponential models with radial and vertical scale heights in the ranges h R ∼ 3.6-4kpc and h z ∼ 0.8-1 kpc. In a broad sense, the expected populations in the consecutive panels of Fig. 9 would be expected to comprise of thin disc, thick disc and halo stars from the left to right. It is interesting to note that radial age gradients at different |Z | ranges have been observed by Martig et al. (2016b) in a population of APOGEE red clump stars, from R ≥ 4kpc onward. They see clear separations in age gradients between the |Z | bins, that is, higher |Z | bins constitute a clearly older population for given radius R, whereas the distinctive gradients in our sample are less well separated. However, their results are consistent with ours, as we both detect an older stellar population as we moves outwards in the disc.
Additionally, the red marker in Fig. 9 corresponds to the datum derived from a solar neighbourhood selection of Mira. From Fig. 5 , there is an appendage of Mira extending to low |Z | at the Solar position. A cut selecting Mira with log |Z | < −0.5 has been used to define the O-Miras in the solar region. This though leads to the surprising result that the solar neighbourhood O-Miras have median periods lower than the thick disc O-Miras, and hence are older! Although the origin of this result is not fully clear, there are indications that our solar neighbourhood sample is affected by survey systematics. In addition to the variation of the sample completeness and contamination with period as discussed in Section 2.3, other effects such as that linked to saturation may be taking place. Saturation for ASAS is at V ∼ 11. Nearby long period O-Miras are not only more luminous, but they also have higher amplitudes, so they are more likely to be saturated and therefore not included in the selection. Finally, it is worth pointing out that, if only a sub-class of Miras is considered -such as O-rich stars, the period-based chronometry argument might only work for a limited range of ages. This is because the period-age relation is normally derived for a combination of both C-and O-rich Miras, however, their period distributions are rather different. It has been noticed (see e.g. Cioni et al. 2001; Feast et al. 1989; Lorenz et al. 2011 ) that O-rich stars are biased towards short periods while C-rich ones tend to have longer periods on average. Translated into age, these differences imply that O-rich Mira might significantly under-sample the younger populations of the Galactic disc.
Miras outside of the Galactic disc
While the ASAS sample is largely limited to |Z | < 5 kpc, the complementary CRTS Miras probe a much larger range of Galactic heights, 5 < |Z | < 200 kpc (and probably beyond). We first focus on the distribution of long-period pulsators in CRTS. According to Fig. 8 , the bulk of the disc Miras in the ASAS set have periods in excess of 170 days. Note that many lines of -albeit indirect -evidence exist that the long-period stars are substantially younger than their shortperiod counterparts (see Fig. 6 for example). Fig. 10 gives the view of the distribution of the population of the longperiod (and thus likely young) Mira stars across the Milky Way. Apart from the obvious disc denizens (filled black circles), three distinct groups can be identified in the Figure. The first two are the stars belonging to the Sgr stream (red filled circles) and the LMC (yellow filled circles).
The last group (blue filled circles) is comprised of stars that follow the extent of the disc in X, Y dimensions but travel to heights as large as |Z | ∼ 10 kpc. Their reach in |Z | and R can be gleaned from Fig. 11 , where their distribution (blue histograms) is compared to that of the shortperiod Miras (black histograms). Indeed, both long-period and short-period objects are detected as far as R ∼ 30 kpc, however the (likely) young CRTS Miras do not wander beyond |Z | ∼ 10 kpc. We therefore speculate that, if our distance estimates are valid, these objects represent a population of kicked disc stars. As of today, several prominent groups of high |Z | disc stars are known including those composed of M-giant stars, close relatives of Miras (Rocha-Pinto et al. 2004; Xu et al. 2015; Bergemann et al. 2018; Sheffield et al. 2018; Deason et al. 2018a; de Boer et al. 2018) . Strikingly, apart from the three obvious groups, such as the kicked disc population (blue) and the members of the Sgr stream and the LMC (red and yellow), there are almost no young Miras in the Galactic halo.
However, we do find a total of 7 long-period Miras that go much beyond the rest of the sample, i.e. to Galactocentric distances in excess of ∼ 200 kpc and are not projected behind the Sgr stream of the LMC on the sky. Six of these are part of the CRTS catalog and one from ASAS. The locations of these Miras are marked with filled green stars in the right panel of Fig. 10 . Moreover, we use black outlines to point out 4 remarkable objects (all from CRTS) with r > 350 kpc. Please note that at this stage, these 7 objects should be viewed as candidates. This is because, as explained in Section 2.3, the sample contamination likely increases with period and all of these Miras have periods larger than 220 days, as presented in Table 1 . If our absolute magnitude estimates are correct, then all 4 of the Miras marked with green stars and black outlines in Fig. 10 lie further than the previously identified most distant Milky Way stars. There are however, several reasons to be cautious. As judged by the contents of Table 1 , some of the distant Miras have suspiciously low amplitudes given their relatively long period. It is of course not impossible that their amplitudes are under-estimated given that these objects are some of the faintest Miras in our sample. Another possibility is that these stars are misclassified and are not O-Miras but rather C-rich LPVs instead. In that case, we have checked that simply applying the period-colour-luminosity relation appropriate for C-Miras given in Yuan et al. (2017) would yield distances similar to those listed in the Table or larger. Note that for C-Miras, PCLRs typically yield larger uncertainties compared to those derived for O-Miras, indicative, most likely of unknown (and quite often significant) amounts of circumstellar dust.
The latest tally of the record holders can be found in Bochanski et al. (2014) . Table 1 of the paper lists all of the 9 stars with distances greater than 120 kpc known at the time. Of all large-distance candidates, the most securely identified are the horizontal branch stars. At least three independent samples of pulsating HB stars, called RR Lyrae, have been published recently, each containing sizeable numbers of stars beyond 100 kpc (see Drake et al. 2013; Sesar et al. 2017; Medina et al. 2018) . Additionally, blue HB stars can also be used as standard candles -albeit with somewhat lower accuracy -and thus used to trace the outskirts of the Galaxy. For example, Deason et al. (2012) Figure 11 . Difference in spatial extent between the old, i.e. shortperiod (black line) Miras and the young, i.e. long-period (blue line) ones as observed by CRTS. Stars belong to the Sgr stream and the LMC have been excluded. Left: Distribution of stars as a function of Galactic Z. Note that the long-period Mira stars (blue line) appear to be mostly limited to |Z | < 10 kpc. Right: Distribution of stars as a function of Galactocentric cylindrical R. Note that both young and old, i.e. long-and short-period, stars extend as far as R ∼ 30 kpc. tion of deep multi-band photometry and VLT spectroscopy to detect BHBs at distances of order of 150 kpc. Finally, just like Miras, other stars around the AGB are good candidates for the most distant objects in the Galaxy owing to their spectacular luminosity. Accordingly, in the last two decades, Carbon stars and M-giants have been used routinely to scout the far reaches of the Milky Way (e.g. Totten & Irwin 1998; Majewski et al. 2003; Mauron 2008; Deason et al. 2012; Bochanski et al. 2014; Koposov et al. 2015; Mauron et al. 2018 ). Curiously, not only the four Southern (Galactic hemisphere) CRTS Miras surpass all current distance records, they appear to cluster conspicuously in a relatively small area of the sky. The group sits around l = 345 • ± 10 • and b = −40 • ±17 • . This portion of the celestial sphere is squeezed inbetween the trailing tail of the Sgr dwarf and the trailing tail of the LMC, with the four distant Mira positioned 23 • ±8 • away from the Sgr stream and 37 • ±14 • from the Magellanic Stream, in the coordinate system defined by Nidever magnitudes and periods. We also provide values of the amplitude and Galactocentric distance values. These Mira correspond to the green markers in the rightmost panel of Fig. 10 . Distance errors are estimated from the dispersion of our LMC Mira distribution in Fig. 4 .
Galactic longitude
Galactic latitude et al. (2008) . Even though the Miras are not aligned with either of the streams perfectly, note that both the Sgr and the LMC debris are predicted to travel to large distances around this location (Dierickx & Loeb 2017; Diaz & Bekki 2012; Besla et al. 2013) . Most recently, Deason et al. (2018b) have detected an excess of distant BHB stars in the ultradeep data from the Subaru's Hyper Suprime-CAM at the location not too far from that traced by the four Southern CRTS Miras. The distant BHB over-density also overlaps with the so-called Pisces Cloud (Sesar et al. 2007; Watkins et al. 2009; Nie et al. 2015) . While plenty of evidence now exists that both dwarfs would leave trails of very distant stars as their orbits evolve under the influence of the dynamical friction (see also Gibbons et al. 2017; Jethwa et al. 2016) , it is less clear where on the sky these debris should pile up. The uncertainty here is due to the lack of constraints on the shape of the outer dark matter halo. The whereabouts of the old Miras, i.e. those with short period (P < 170 d) can be studied in Fig. 12 . Their distribution appears to be broken into two components, a relatively smooth, compact one with r < 20 kpc (as indicated by black circle) and sparse lumpy one with r > 20 kpc. To investigate further the spatial properties of the distant old Miras, we break them into three sub-samples according to their Galactocentric distance, r as shown in Fig. 13 in Galactic coordinates. Additionally, for all short-period Miras with r > 25 kpc we carry out a great circle star count, following ideas of (e.g. Lynden-Bell & Lynden-Bell 1995; Johnston et al. 1996; Ibata et al. 2001; Mateu et al. 2011) . In practice, for a given pole, we assign a Gaussian (with σ = 6 • ) weight to each Mira according to its latitude in the great circle coordinate system. The density of stars in the plane of poles is shown in the right panel of Fig. 13 in Galactic coordinates. The two most prominent over-densities are located near (l, b) = (0 • , 0 • ) and are marked with red and yellow empty circles. The corresponding great circles are overplotted in the left panel. Interestingly, the two great circle pass very close to the LMC and are approximately aligned with the motion of the Cloud on the plane of the sky. This tentative detection of the Magellanic debris traced by Miras is in agreement with the earlier study of Deason et al. (2017) . Additionally, we identify three other, lower significance over-densities marked in green, blue and violet, whose corresponding great circles are shown in the left panel with dotted lines.
Satellite Galaxy and Globular Cluster Associations
Although AGB stars have been surveyed in the Local Group dwarf spheroidals (dSphs), the only confirmed detection of an O-Mira is in Sextans (Sakamoto et al. 2012 ). There are two C-Miras, but no O-Mira, so far found in Sculptor (Menzies et al. 2011). Whitelock et al. (2009) report 6 C-Miras in Fornax -a further candidate (F51010 in their notation) is so blue that they were unable to determine from its colours whether it was C-rich or O-rich. The spatial coordinates of the O-Mira are compared against those of known objects within the Local Group. We search for associations by requiring the O-Mira to lie less than half a degree from the centers of globular clusters and dSphs in the Local Group. We use half a degree because many of these objects are expected to have extra-tidal stars. Given that Miras correspond to a short-lived phase of stellar evolution, they are intrinsically extremely rare and so any chance association is a priori very unlikely.
Potential associations exist with the Sculptor, Fornax, Sextans and the Leo II dwarf dSphs based on angular separation, as illustrated in Fig. 14. Our candidates are checked to be O-Mira by confirming their location in Fig. 1 . This shows all the candidate associations to be clearly O-Mira lying comfortably within our criteria. The CRTS IDs, distances, periods and amplitudes of our candidates are listed in Table 2 . It would be interesting to confirm the candidates with kinematic evidence, which may already be possible with proper motion data from the forthcoming data release 2 of the Gaia satellite.
We also identified two O-Mira that are located close to the Palomar 4 (Pal 4) globular cluster. This is a young halo globular cluster that is likely to have been accreted by the Milky Way via the infall of its parent dwarf satellite. The two O-Mira are at heliocentric distances of 87 kpc and 102 kpc, compared to a distance of Pal 4 of 109 kpc (Sohn et al. 2003) .
The latter authors carried out deep photometric searches in a field 1.3 • × 0.9 • around Pal 4, and claimed evidence for the existence of extra-tidal tails and features. Although semiregular variables are known in Pal 4, this is the first report of possible Miras.
CONCLUSIONS
This paper has highlighted a neglected resource. The Miras are bright and can be traced throughout the Galaxy, and beyond. The carbon-rich or C-Miras have a long history of use as tracers of halo substructure (e.g., Downes et al. 2004; Huxor & Grebel 2015) . However, the oxygen-rich or O-Miras have been less widely scrutinised, yet they are at least as valuable. Their period and luminosity only weakly depends on colour, so the O-Miras are excellent distance indicators. Their period depends on age, with young O-Miras having the longest periods, so the O-Miras are excellent chronometers. So, samples of Miras will enable us to detect age gradients throughout the Galaxy and to date the Galactic populations. Here, we have used the Catalina Surveys and the All Sky Automated Survey for Supernovae to extract a clean sample of ∼ 2, 400 O-Miras, the largest assembled to date. They probe the Galactic bulge, thin and thick discs and the distant halo. In principle, they offer a unique resource to age-date all the structural components of the Galaxy.
We show that the disc O-Miras have periods increasing on moving outwards from ∼ 3 to 15 kpc. As the period of O-Miras correlates inversely with age, this is a clear demonstration of the 'inside out' nature of the Galactic disc (e.g., Martig et al. 2016b ). The outer disc O-Miras have median period ∼ 275 days (roughly 1-3 Gyrs), as compared to the inner disc value of ∼ 200 days (roughly 8-10 Gyrs). At least out to 15 kpc, there is no evidence of an upturn in the radial profile of the age of disc, as expected from models in which the outer disc is populated by old stars which migrated from the inner disc (Roškar et al. 2008 ). There are also hints of vertical variation, in the sense that O-Miras at higher |Z | comprise an older population for given radius R. At smaller Galactocentric distances, within 2-3 kpc from the MW center, age gradients flatten out, signaling that the bulge contains a mix of stellar ages, in agreement with earlier studies (see e.g. Catchpole et al. 2016) . Moving away from the center, clearly visible in our data is the transition from younger disc to older halo O-Miras, which occurs at r ∼ 15 kpc where the median O-Mira period plummets. The median period of the halo O-Miras is ∼ 150 days (roughly 10 Gyrs).
O-Mira are also precious as tracers outside the Galactic disc. The tails from the Sagittarius are detectable in O-Miras, much like their brethren the C-Miras. Moreover, we find strong evidence that for the O-Miras in the Magellanic Stream at large distances from the LMC. There is also a population of long period, and hence young, O-Miras that follow the extent of the Galactic disc, but lie at heights of up to 10 kpc. These may be stars kicked out of the disc, perhaps analogous to other high latitude structures (Bergemann et al. 2018; Sheffield et al. 2018; Deason et al. 2018a ). The O-Miras are so intrinsically luminous that they can trace the very outermost reaches of the halo. We identify seven long-period (and therefore likely young) O-Miras reaching (2012). Tentative age estimates derive from the relation in Fig. 6 and have been capped to 10 Gyr. Coordinates RA and Dec are encoded in the CRTS ID column and Mira distance errors derive similarly to those in Table 1 distances between 200 and 500 kpc, much beyond presently known record holders. A good fraction of the Miras with extreme distances appear clustered on the sky, not too far from the position where distant extensions of the Sgr stream, the LMC trailing arm and the Pisces Cloud are expected. In addition to the detection of distant debris piles associated with accretion events, we have also provided new detections of O-Miras in Milky Way satellites. Specifically, we found associations between O-Mira and the Fornax, Sculptor, Sextans and Leo II Galactic dwarf spheroidals, as well as the distant globular cluster Pal 4. The Gaia satellite will dramatically increase the data on Mira. Although the main variable star data release occurs in 2020, Gaia Data Release 2 will already provide classifications for ∼ 500,000 variable stars, including many Miras. This offers the opportunity to select high quality samples of O-Miras, use the period-age relationship as a prior and provide ages of the main Galactic components as a function of distance. This will provide independent confirmation of ages estimates derived from isochrones. The opportunity to slice the Galaxy by age will soon be given to us. We are optimistic that the future for Miras is very bright.
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